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• Fabricating metal sensors directl y on metal components requires the use of an electrically insulating layer between the component and the sensor. Flame-sprayed insulators provide good insulating capability, but the thickness of the coatings (300 fl m and greater due to the coating porosity) lessens the advantage of the thin film sensor. NASA Glenn Research Center has been examining the use of thin film insulators as an alternati ve. One process developed utilizes a 125 I-' m thick NiCoCrAIY base coat on which alumina can be thermall y grown and vapor-deposited. 3 Rolls-Royce thin film sensors use a reacti vely-sputtered layer of alumina to provide the electrical insulation.
The application of alternative thin film dielectric insulators has been examined to further minimi ze the insulation thickness. However, ceralIDcs lose their electrical insulation exponentially with increasing temperatures. Short circuit paths at grain boundaries and film defects can further reduce the insulation properties from the bulk values at hi gh temperatures.
To further this research, NASA Glenn Research Center and Roll s-Ro yce have pursued a joint investigation of utilizing multilayered thin film dielectrics as a reliable insulator for use in harsh environments. The use of a multilayered scheme is tho ught to be promising for the fabrication of electricall y insulating thin films. A major cause of conduction in thin film dielectrics is the presence of defects, such as pinholes, that propagate clear through the film to the underlining substrate surface. B y alternating the insulating material , a new growth pattern wo uld eliminate the previous one. Thus, direct pathways for conduction to the substrate are eli minated. The require ments for such an insulator are driven by the environments of aerospace applications, which currently require insulation of 100 kQ or better to 1100 °C in oxidizing conditions.
Sample Preparation
The film depositions were conducted in the Microsystems Fabrication Cleanroom facility at NAS A Glenn Research Center. Several samples of multilayered insulators were generated using alumina and stai nless steel shims as the test substrates. The alumina substrates provide readil y available test beds that remain intact for the severe heating required of these films, up to 1700 °C if necessar y. The stainless steel substrates can be annealed to 1000 °C, and the thermal expansion of the steel should produce stresses simil ar to those that the film would experience on an engine component at that temperature.
After surfactant cleaning, the test shims were rinsed in acetone and then methanol. A sche matic of the typical layer sequence of the test samples is illustrated in Figure I . A layer of platinum I f. . l m thick was sputter deposited over the shims. On the aJulIDna substrates, the platinum base coat insured the detection of a conduction path if one were to exist in the insulator. On the stai nless steel substrates, the platinum base coat assisted in the bonding of the dielectrics to the metal. The dielectlics were then deposited with a total thickness of 5 f. . l m. On top of the di electric, several 4.75 nml diameter platinum pads were sputter deposited to simulate thin film sensors. The pads were deposited 5 f..lm thick to insure that any cracks or pinholes were sufficie ntly fill ed to reveal any conduction paths. A NASAfTM-2002-211873 2 room temperature resistance check was then performed to verify insulating capability o f the sa mple.
Lead wires were connected to the platinum pads on the insulating sa mpl es to afford high temperature testing in an annealing oven. The platinum wires were parallelgap welded to the pads, which were then soldered to leads outside of the test oven. The oven was ramped at approxi mately 450 °C/hour while the resistance between the pads and the te mperature measured by a type K thermocouple near the sample was monitored. The maximum resistance readable was 100 MQ. One cycle was performed to stabilize the sample, and the data from the second ramp was used for insulator evaluation.
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Analys is
A lettering scheme was used to identify pecifi c sa mples of the stud y. The results of our sample tests are shown in Table 1 . The nms were lettered as they were planned, and, as failures and successes dictated, some runs were skipped. The first three runs of sa mples set the baseline for the work .
The samples from run A had a single layer of 5 f. . l m alumina (AJ 2 0 3 ) sputter deposited at room te mperature. The samples indicated a short at room temperature, vetifying the need for a more complex insulating thin film stmcture to ac hieve the required insulating capabilities for a 5 f..lm film.
The next samples (run B) tested used an underl ying layer of 1 f. . l m thi ck silica (S i0 2 ) sputter deposited, with an upper layer of 4 f. . l m alumina sputter deposited at room temperature. These sa mples showed insulating properties at hi gh te mperature, with the sa mple on stainless steel severa l orders of magnitude more conducting than that on alumina. Both samples showed significant cracking after heat treatme nt. The samples • _ J also showed a severe hysteresis in their resistance curves during the heat cycle. Despite the poor insulation properties, the run va lidated the concept of using a multilayer structure to eliminate conduction paths to the substrate that caused the short in run A samples.
Samples in run C were composed of a bottom layer of 2 /lm alumina, fo llowed by J /lm of silica, and then covered with 2 /lm of alumina sputter deposited on stai nless steel shims. These samples howed properti es similar to those of the run B samples on stainless steel, but with more severe cracking of the surface. Figure 2 shows the cracking seen on a typical sa mple from run C on stainless steel. Several samples were prepared to further investigate the cause of the cracki ng. EDAX analysis of an annealed silica sample revealed that chromium and iron from the steel were migrating into the cracks formed in the films when heated. The deposition of the alumina bye-beam va porization at 800°C resulted in room te mperature ShOlis. Surface preparation was altered to smooth the stainless steel by H2SOJH202 cleaning. However, the poor film adhesion to the substrate surface and the hi gh conductivity of the resulting film terminated thi s path.
Two alternati ves to using silica as an underlying layer were tested and the results were promi sing. Run R used 1 /l m of sputtered chromium carbide followed by 4 /l m of e-beamed al umina, and run S used J /lm of sputtered NASAffM-2002-211873 3 yttria-stabilized zirconia followed by 4 /lm of e-beamed alumina. The platinum base coat was not deposited for run R since the chromium carbide proved to be an excellent bond coat between chromium-containing metals and oxide ceramics. Fi gure 3 shows the pinhoJefree surface of a run R sample after heat-treati ng to 800°C on a steel substrate. The temperature limit of both insulators for 100 k.Q of resistance appears to be about 1000 °C for the 5 /lm of materi al deposi ted. The zirconia-alumina insulator was deposited on a steel substrate in run T, but the alumina failed before any data could be gathered.
The data from the te mperature ramps of runs B, C, R, and S are plotted in figure 4 . To give a quantitative compari son of the insulators, the data were fit to exponential decay curves. The results of the fittings are given in table 2, which gives the estimated O°C va lues, decay constants, minimum use temperatures and uncertainties. 
Conclusions
The results of thi s study indicate that the CTE mi smatc h between silica and metal inhibits its use as an effective thin film insulating layer or under layer for alumina. The CTE's of various materials used in these tests are given in the bulk properti es listing in table 3.
It is clear from these tests that a silica under layer does not expand freely enough to be used in a thin film I multilayer insulator sequence on metal s, particularl y when e-beam depositing the alumina at 800°C. Even following a 500°C annealing cycle, the silica cracking is suffici ent to pemut chronUum and iron nugration from the steel into the thin film insulation . In fact, under the 800°C e-beam deposition temperatures of the alununa, the CTE nUsmatch between the steel and the silica is suffici ent to cause cracking in the insulating film and adhesion failures.
The slightly lower CTE of yttria-stabilized zirconia may account for the stresses observed in the alunUna thin film when the layers were applied to the steel substrate in run T. It should be noted that since most engine components are "super-alloys" sinular to Hastelloy or Inconel with CTE's between 10 and 13 ppm/oC,4 the zirconia-alunUna multilayer may be applicable for use on those materials.
The success of run R is attributed to the graded interface between the chronuum carbide and the chronuum-containing metal. The intimate contact is believed to induce chenUcal-level bonding between the two materials. Thus, adhesion is promoted even at high temperatures. Further, the CTE of chronUum carbide is intermediate between the alunUna and the steel , thus grading the thermal stresses that would be produced during heating. Systematic Auger analysis of the chrome carbide chenUstry is ongoing.
Ultimately, the goal is to use the multilayer insulator on a real engine component. The next challenge in this investigation is to optimize the chronUum carbidealunUna multilayer on nickel-ba ed "super-alloy" test shims for use on these engine components. Testing of the zirconia-alunUna multilayer on these test shims may also give more insight on the thin film chenustry of these multilayer insulators. 
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